‘ ! ! . UCRL-JRNL-211334

LAWRENCE
LIVERMORE
NATIONAL

Leorarony | K€Y INteractions in antibody recognition of
synthetic sweeteners: Crystal structures of NC6.8
Fab co-crystallized with high potency sweetener
compound SC45647 and with TES.

K. Gokulan, S. Khare, D. Ronning, S. D.
Linthicum, B. Rupp, J. C. Sacchettini

April 13, 2005

Biochemistry




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



Key interactions in antibody recognition of synthetic sweeteners. Crystal structures of
NC6.8 Fab co-crystallized with high potency sweetener compound SC45647 and with TES.

Kuppan Gokulan', Sangeeta Khare?, Don Ronning®, Scott D. Linthicum? Bernhard
Rupp®” and James C. Sacchettini*”

!Department of Biochemistry and Biophysics, Texas A & M University, College Station, TX-
77843-2128, USA

“Department of Veterinary Pathobiology, Texas A & M University, College Station, TX-77843-
4467, USA

SUniversity of California, Lawrence Livermore National Laboratory, Livermore, CA 94551, USA

* Correspondence should be addressed to:  James C. Sacchettini
Department of Biochemistry & Biophysics
Room Number: 221
Texas A & M Universty,
College Station, TX-77843-2128, USA
email: Sacchet@tamu.edu
Phone: 979-8627636
Fax: 979-8627638

Bernhard Rupp
LLNL-BBRP, L448
University of California
Livermore, CA 94551, USA
email: br@IInl.gov

Phone: 925-4233273

Fax: 801-8803982

Running Title: Key interactions in antibody recognition of synthetic sweeteners



Abstract The complex crystal structures of the murine monoclonal 1gG2b(?) antibody
NC6.8 Fab fragment complexed with high-potency sweetener compound (SC45647) and non
tasting high affinity antagonist TES have been determined. A comparative analysis with the
structure of NC6.8 complexed with the super-potency sweetener NC174 reveals that the
zwitterionic, tri-substituted guanidinium sweeteners as well as the zwitterionic antagonist TES
interact with the same residues in the antigen binding pocket of NC6.8. In case of the non
sweetener TES, the interactions are largely indirectly mediated through a hydrogen bonded water
network. The presence of a hydrophobic moiety as a major determinant for sweet taste has been
confirmed, and its nature is likely a discriminator for super- versus high-potency sweeteners.
Neither high-potency sweetener SC45657 nor non-sweet tasting TES induce any significant
change in the NC6.8 Fab elbow angle, which excludes the necessity of ligand-induced all ostery
asagenera requirement for ligand bindingin NC6.8. A conserved water molecule mediating
hydrogen binding to residues buried in the antigen binding pocket has been observed in al three
NC6.8 complexes. Since the antigen binding pocket of NC6.8 can adopt to multiple ligands -
including high affinity antagonists - it is important that structure guided sweetener design based
on available complexes fully considers the exceptional sructural adaptability of receptor-

mimicking antibody models.
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1. Introduction

Taste perception. The sensation of taste plays a critical role in the life and nutritional

habits of humans and other organisms (Inoue et a., 2001). The perception of taste is elicited
through the interaction of tastants with their receptors in the taste cells (Lindemann, 1996). It is
widely believed that humans have four types of taste perception: sour, salty, bitter and sweet
(Lindemann, 1996, Kinnamon and Cummings, 1992, Gilbertson et al., 2000). The chemical
nature of tastants varies widely, and includes ions, small organic molecules, proteins,

carbohydrates and amino acids. A tastant mediates taste perception by interacting with distinct



cell surface receptors that are expressed in a subset of taste cells. During the past few years,
significant progress has been made in identification (Sainz et a., 2001), functional expression,
and characterization of taste receptors (T1rl, T1r2 and T1r3) from mammals (Margolskee, 2002,
Chandrashekar et al., 2000). While the amino acid sequences of these receptors are known, the
key surface residues of the receptor responsible for biological activity have not yet been
identified. To date, the structures of several sweet-tasting proteins have been determined by NMR
(Caldwell et al., 1998, Spadaccini et al., 2001), but the functional groups which are responsible
for taste perception have still to be determined, largely due to the lack of sequence and structural
homology (Spadaccini et al., 2003) among the sweet tasting proteins. In view of the difficulty to
obtain structures of sweeteners complexed to cell surface receptors, we have pursued an
alternative approach, and we report the comparative analysis of crystal structures of synthetic
sweetener and non-sweetener compounds complexed with murine monoclonal antibody (mAB)
NC6.8.

Amtibody complex crystal structures as glucophore binding models Severa different

models have been developed to describe the nature and topological arrangement of glucophores
in an ideal sweet compound. A model for a receptor site with electrostatic potential, hydrogen
bonding potential and hydrophobic interactions has been proposed to match the properties of low
energy conformers of various sweeteners (Walters, 1991). The crystal structure of super-potency
sweetener compound NC174, a zwitterionic, tri-substituted guanidine hapten, complexed with
NC6.8 1gG2b(?) mAB raised against NC174, has been reported (Guddat et al., 1994).
Interestingly, NC14.10, an isotype 1gG2b(?) mAB, displayed a significantly different binding
mode against the same hapten, attesting to the structural diversity in antigen recognition by
immunoglobulins (Guddat et al., 2000). A comprehensive summary of the monoclonal antibody
libraries that recognize super-sweeteners has been published (Anchin et al., 1997).

To further investigate the structural basis for taste perception, we analyzed the co-crystal
structures of the NC6.8 Fab fragment, serving as a structural mimic for the elusive taste receptor,
complexed with a structurally related high-potency sweetener SC45647 (Nofre et al., 1990) and
with nonsweet tasting TES (N-[tris(hydroxymethyl) methyl]-2-aminoethanesulfonic acid). The
analysis of super-potency (NC174, 200,000 times sweeter than 2% sucrose) and high-potency

sweeteners (SC45647, 28,000 times sweeter) versus a non-sweetening compound allows to



identify key molecular interactions specifying the structure-activity relationship of zwitterionic
sweet tasting molecules (figure 1). The crystal structures show that both sweetener compounds as
well as TES bind in the same binding-pocket, but exhibit significant differences in binding
patterns as well as in placement of the hydrophobic moieties. The structure comparison indicates
that residues from CDR (Complementarily Determining Region) H2 and CDR H3 play major
roles in the recognition of super-potency versus high-potency sweetener compounds. We were
unable to complex low affinity sweeteners (NC90, NC24, NC274 and Aspartame) with NC6.8.
Instead of these molecules, the TES buffer molecule was found in the antigen-binding pocket of
NC6.8.

c—¢ N¢ — OH
/ OH | "
C——NH i
NH
@ c
j i
l
N
TES
|o| _ coo’
O§S/O H ,;
%\/\a _: NG
M2 H O  CcocH,
NH NEOTAME

)
CYCLAMATE NH

o=—=S—o0"

[
(0]

Figure 1. Sweet tasting molecules and TES. NC174 represents a super potency sweetener
(200,000 times sweeter than 2% sucrose), SC45647 is a high-potency tastant (28,000 times
sweeter), cyclamate and neotame represent medium potency sweeteners and TES is a non sweet
tasting taste receptor antagonist.



2. Materials and Methods:

Purification of Antibodies
Murine NC6.8 1gG2b(?) antibodies were first precipitated from ascites fluid with 60%

saturated ammonium sulfate precipitation as described (Liu et a., 1994). The precipitate was
collected after centrifugation for 10 min at 10,000 g, then resuspended (2 mg/ml concentration)
and dialyzed against 20 mM phosphate buffer (pH 7.2) overnight. The dialyzed sample was
loaded onto a 1gG column and washed thoroughly with phosphate. The bound antibodies were
eluted with 0.1 M glycine-HCI buffer (pH 2.8), and the eluent immediately neutralized with 1M
Tris pH 9.0. The affinity purified IgG was concentrated (6 mg/ml) using a Centriprep
concentrator and digested by papain.

Papain (type 11, 2 X crystallized from Sigma) was initially activated with cysteine as
described (Parham et al., 1982). Proteolysis was carried out at 37°C in 0.1 mM sodium acetate
buffer pH 5.5 containing 3 MM EDTA and 50 mM cysteine. After 4 hrs proteolysis was stopped
by addition of iodo acetamide (to alkylate the sulfhydryl groups) at a final concentration of 30
mM and the reaction products centrifuged for 30 min at 10,000 g. The supernatant was |oaded
onto a 2.5 x 100 cm high resolution Sephacryl S-200 (Pharmacia) column equilibrated at pH 8.0
with 25 mM Tris-HCI, 0.1 M NaCl, 1 mM NaN3. The Fab eluted as the last peak, well separated
from Fc fragments and uncleaved antibodies. Prior to crystallization trials, the purified antibody
fragment solutions were concentrated to 40 mg/ml and dialyzed against 0.02 M TES buffer, pH

6.8 to afinal concentration of 15 mg/ml.

Crystallization. NC6.8 Fab (10-15 mg/ml) was incubated (1 hour) with compound SC45647 in
twofold molar excess. Initia crystallization conditions were screened in hanging drops
(McPherson, 1982) using a sparse matrix kit (Crystal Screen |, Hampton Research, CA). Small
crystals of the NC6.8-SC45647 complex grew in two days at 18°C from 4 pl sitting droplets
consisting of a 1:1 mixture of stock NC6.8-SC45647 complex and a crystallization buffer

containing 50 mM potassium hydrogen phosphate pH 9.2 containing 20% polyethylene glycol
(PEG) 8000. Crystallization conditions were refined until crystals about 0.2 mm in size could be
obtained in a reproducible manner within 3-4 days. L ow-potency sweetener compounds NC90,
NC24, NC274 and Aspartame were incubated in100-fold molar excess with the NC6.8 Fab
fragment. Crystals grew under identical conditions and appeared within one to two weeks.



Data Collection. Crystals were harvested in Hampton cryo-loops and flashcooled directly in the

nitrogen cold stream (120K) after brief soaksin 2 pl mother liquor plus 2 pl 20% ethylene glycol
as acryoprotectant. Diffraction datawere collected to 2.1 A from asingle crystal of NC6.8-
SC45647 and to 1.7 A data for NC6.8-TES at SBC beam line-19 at the Advanced Photo Source
(APS) of the Argonne National Laboratory with a 4x4 module CCD detector. The data were
reduced usng DENZO (Otwinowski and Minor, 1997), and intensities were scaled in space
group C2 with SCALEPACK (Otwinowski and Minor, 1997). Solvent content estimates
(Matthews, 1968, Kantardjieff and Rupp, 2003) indicated the presence of one monomer inthe
asymmetric unit. Data collection statistics are summarized in Table 1.

Sructure Determination of NC6.8-SC45647 and NC6.8-TES. Initial phases for the NC6.8-
SC45647 complex and the TES-bound crystal form were obtained by molecular replacement
using the program CNS (Brunger et al., 1998). The native NC6.8 Fab structure (1CGR) was used
asasearch model (Guddat et a., 1994). Separate cross-rotation functions for the variable and

constant regions gave reliable solutions (data between 25 to 3.5 A). The best solutions from the
rotation search were used in the subsequent translation search carried out on a0.25 A grid,
yielding strong and well-packing solutions.

The initial molecular replacement models were manually rebuilt with the program Xfit
(McRee, 1999) into bias minimized, multiple averaged electron density maps obtained from the
SNW (Shake& WARP) server (Reddy et al., 2003), and refined with REFMACS (Murshudov et
al., 1999). After repeated cycles of refinement and manual building, water molecules were
manually added to the model using the SNW map. Clear electron density allowed unambiguous
placement of the high affinity ligand SC45647 in the SNW maps (Figure 2). The low affinity
ligand-Fab complex crystals revealed no density that was compatible with the incubated ligands.
Instead, the binding sites contained a TES buffer molecule, which could be built unambiguously

into the maps (Figure 2).



Figure 2. Electron density of ligands complexed with NC6.8 antibody. Electron density of
SNW omit maps contoured at 1 s level (blue grid) and 5 s (red). Left panel: SC45647, right
panel: TES. In both cases the ligands are oriented corresponding to figures 4a-c, pointing down
into the antigenic binding pocket. Ligand molecules were omitted form the model before the
SNW map generation. The blob feature in Xtal View has been used to limit the display of the
electron density to within 1.9 A of the model. Figures created by Xtal View (McRee, 1999) and
rendered with Raster3d (Merritt and Bacon, 1997).

The completed models including SC45647 or TES, respectively, were submitted to afinal
round of refinement with REFMACS (Table 1). The final SNW electron density maps were of
high quality and density for residues L1-L214 of the L-chain (total of 219 residues) ard H1-H158
and H164-H215 of the H-chain (also 219 residues) was clear; residues H159-H163 were less well
defined. The antibody fragment residues were numbered following the numbering scheme for
immunoglobulin by Kabat (Kabat, 1992).

3 Results

3.1. Overcall structure of the complex structures



The sweeteners NC174, SC45647 and non-sweet tasting TES buffer all bind in the same antigen
binding pocket of the NC6.8 antibody fragment (figure 3). The binding pocket isformed by
residues from CDR loops H1, H2, H3, L1 and L3 of the Fab fragment. The overall structure of
NC6.8 istypical for 1gG2b(?) antibody Fab fragments, and has been described previously
(Guddat et al., 1994).

a) NCGHE-NCI1T74 b) NO6E-5045647 c) NCH.B-TES

Figure 3. Surface representation of the Fab molecule showing the overall structure of the antigen
binding pocket of the NC6.8 antibody complexed with a) super-potency sweetener NC174, b)
high-potency sweetener SC45647 and c) nonsweet tasting TES. The light chain interacting
residues are shown in yellow; heavy chan interacting residues are shown in red; ligand
molecules are represented as ball and stick models.

3.2 Binding of high potency sweetener SC45647

The antigen-binding pocket of NC6.8 is highly complementary to high potency sweetener
SC45647, burying 565 A of the molecular surface. The ligand is clearly identifiable as the (R)
stereoisomer with its chiral center at C8 (figure 2a). Most of the ligand atoms participate in
hydrophobic interactions with residues from both the heavy chain and the light chain of NC6.8,
with distinct hydrogen bonds to Glu 50H, Ser 97H and Arg56H (figure 4a). The CN-group of
SC45647, in practically the identical position as in the NC174 complex (figure 5), is sandwiched
between Gly 91L and Tyr 96L and hydrogen bonded to Ser 97H. It interacts indirectly via a
conserved water molecule with two light chain residues Ser89L and Tyr 36L, an interaction
pattern also observed in the NC174 complex. The cyanophenyl ring of SC45647 participates in p-
stacking with aromatic tyrosine Tyr 96L, with aring-to-ring distance of ~ 3.5 A typical for p-
stacking. The unsubstituted phenyl ring of SC45647 is accommodated at the entrance of the



antigen binding pocket, and interacts through hydrophobic interactions primarily with Tyr 32L.
The adjacent SC45647 methyl group exhibits weak hydrophobic interactions with the p-system of
Tyr 96H. The tri-substituted guanidyl group of SC45647 p-stacks nicely with Trp 33Hon one
side, and has weak hydrogen bondsto the carboxyl group of Glu 50H and to Tyr 96H O?. On the
other side, the guanidyl group forms weak hydrogen bonded contacts to Glu 50H and Try 96H.
The SC45647 acetyl group is hydrogen bonded to Nd2 of Asn 58H and Ne of the guanidyl group
of Arg 56H, again in a conformation and interaction pattern similar to NC174 (figure 4c).
Electron density however does indicate that a minor conformation consistent with the alternate

(split) conformation of Arg 56H may exist.
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Figure 4a. Key interactions of high-potency sweetener SC45647 with NC6.8. Interaction
patterns for the cyanophenyl and acetyl group are very similar to NC174, while the hydrophobic
moieties are different and show different hydrophobic interactions. Note the presence of achiral
center at C8 (R conformation). Diagram created using LIGPLOT (Wallace et a., 1995). All
LIGPLOT figures are oriented so that the ligands point down into the antigen binding pocket.

3.3 Binding of TES buffer

When co-crystallization of low affinity sweetener compounds NC90 (200 times sweeter
than sucrose), NC24 (230x), NC274 (130xX) and Aspartame (150x) in 100-fold molar excess



with NC6.8 Fab antibodies was attempted, none of the low affinity sweetener compounds could
be detected in the antigen-binding pocket. Clear electron dersity, however, was visible for TES
protein stock buffer in the antigenbinding pocket (Figure 2b) instead of the expected low
sweetener compoundsin all co-crystal structures. Zwitterionic TES (N-[tris(hydroxymethyl)
methy!]-2-aminoethanesulfonic acid) essentially consists of a electronegative sulfonyl group with
a short, two carbon linker to a positively charged tris(hydroxymethyl) methyl-amino group.

The electronegative sulfonyl group of TES, located down in the antigen binding pocket,
forms an extensive network of hydrogen bonds with residues of the antigenbinding pocket. In
particular, the main chain amide hydrogens of Tyr 96H and Ser 98H, together with side chain
interactionsto His 34L and to Ser 89L via atightly bound water atom, constitute a cluster of
hydrogen bonded interactions that coordinate all three oxygen atoms of the sulfonyl group
(Figure 4b). The tris(hydroxymethyl)methyl-amino group of TES is exposed to solvent and its
positively charged N1 interacts via a water molecule with Ser 98H. The three hydroxy- methyl
groups interact through a water mediated hydrogen bond network with both backbone and side
chain atoms of numerous residues (Figure 4b). The positions of the respective carboxyl groupsin
both sweetener structures versus the sulfonyl group of TES do not coincide. Instead, the TES
sulfonyl group occupies the approximate position of the CN group in the sweeteners (Figure 5),
deep in the antigen binding pocket of NC6.8. | n agreement with the chemistry of the zwitterionic
ligand, there are only few hydrophobic interactions compared to the NC174 and SC45647
molecules.

Inan attempt to still obtain low potency sweetener—Fab complexes, NC6.8 Fab was
dialyzed against phosphate or Tris buffers instead of TES buffer. Unfortunately, attempts to
crystallize NC6.8 in non TES buffers with or without sweetener compounds have failed so far.
We speculate that the TES may play an unexplained but critical role in the crystallization of the
NC6.8 Fab under the conditions investigated.
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Figure 4b. Key interactions of non-sweetener TES with NC6.8. Compared to sweet tasting
compounds NC174 and SC45647, the non-sweetener TES exhibits a significantly different
binding pattern, dominated by a complex, water mediated hydrogen bond network and only few

hydrophobic interactions.

4. Discussion

4.1 Structural comparison of the NC6.8-SC45647 and NC6.8-NC174 sweetener complexes

General. The sweetener ligands NC174, SC45647, aswell as TES buffer, bind in the same
antigenic pocket, formed by residues from CDR loops H1, H2, H3, L1 and L3 of the NC6.8 Fab
fragment (Figure 4a-c). NC174 and SC45647 are trisubstituted guanidine tastants. Both synthetic
sweeteners contain a distinct electronegative cyanophenyl group, a zwitterionic guanido core, an

acetyl group and a large hydrophobic moiety. Substitution of one phenyl group in NC174 with a



methyl group in SC45647 creates a chiral center at C8, and causes a reductionof super-sweetener
potency by nearly one order of magnitude. Although the NC6.8 monoclonal antibody was raised
against the NC174 sweetener, it recognizes both NC174 and the R-stereoisomer of SC45647 in a
similar fashion.

In both binary complexes, the cyarophenyl moiety occupies the same position (Figureb)
and is deeply buried in the antigen binding pocket. As described in detail for SC45647, in both
cases the cyanophenyl group is sandwiched between the light-chain and heavy-chain by p-
stacking to Tyr 96L and stabilized by hydrogen bonds from the CN group via a conserved water
moleculeto Ser 98L and Tyr 36L. The possible role of several water molecules in the binding has
been discussed for NC174 (Guddat et al., 1994). While we cannot confirm any specific
conservation of other water molecules in the binding cavity, the deeply buried water atom
bridging the CN group to Ser 89L O? and Tyr 36L O?isclearly visble in al tree NC6.8
sweetener complexes. This water atom, however, has not been observed in the NC10.14-NC174
complex (Guddat et al., 2000) and the general role of water mediated contacts in sweetener
binding remains open until further sweetener complex structures become available.

The guanido and acetate groups are oriented in similar positions in both binary complex
structures (Figure 5). The guanido group in NC174 exhibits a strong hydrogen bond to the H
chain backbone via Tyr 96H O, an interaction absent in the SC45647 complex. The acetyl groups
of both ligands exhibit similar hydrogen bonding patterns, but electron density for the SC45647
acetyl group does show indications for possible secondary conformations consistent with

observed minor conformations of the Arg 56H side chain.
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Figure 4c. Key interactions of super-potency sweetener NC174 with NC6.8. Interaction
patterns for the cyanophenyl and acetyl group are very similar to SC45647 (figure 4a), while the
larger hydrophobic biphenyl moiety shows stronger hydrophobic interactions with both the L and
H chain of NC6.8). For clarity of the plot, a hydrogen bond from N15 to Tyr 96H backbone
oxygen has been omitted. Residues from PDB entry 2CGR were renumbered to comply with
Kabat nomenclature corresponding to figures 4a,b.

Role of the hydrophobic moiety in glucophore binding models . The structure comparison

between Fab complexes suggests a significant role of the hydrophobic group in the interaction of
the sweeteners with NC6.8. In 1967, a simple model was proposed (Shallenberger and Acree,
1967) stating that every sweetener compound has a hydrogen donor and a hydrogen acceptor



group, and the arrangement of the functional hydrogen bond donor and acceptor groups was
thought to form anti-parallel hydrogen bonds with the receptor. A few years later it was
suggested (Kier, 1972) that the presence of a third functional group, a hydrophobic moiety, is
necessary for sweet-tasting molecules. The above hypothesis has been widely accepted, because
of its ability to explain the sweetness of many structurally different compounds. In 1996, the
multipoint attachment (MPA) theory for human taste receptors was proposed (Nofre et al., 1996).
According to the MPA theory, human taste receptors should contain a minimum of eight binding
(recognition) sites occupying the central cavity of the receptor, whose central cavity should be
formed by Asp, Lys, Glu, Ser or Thr residues. Structural data from this study and others (Guddat
et a., 2000, Guddat et a., 1994) indeed confirm that the antigenic epitope is surrounded by
multiple charged residues, particularly at the bottom of the receptor binding site, and those
residues actively participate in sweetener recognition.

Asaresult of different size and conformationof the hydrophobic groups of NC174 and
SC45647, their specific interactions with residues of the antigenic epitope of NC6.8 vary. In
NC174 (figure 4c) all of the three functional groups (cyanophenyl, tri-guanidino group and acetyl
group, are positioned favorably to interact with residues of the antigenic epitope of NC6.8. The
strong interaction and steric restraints reduce the freedom of rotation around the tri- guanidine
group and restrict movement of the large biphenyl-substituted moiety of NC174. To
accommodate the large biphenyl moiety of NC174, the antigen-binding pocket of NC6.8 widens
compared to the SC45647 complex. In case of NC174, the phenyl group that corresponds to the
single SC45647 phenyl ring interacts with both light-chain and heavy-chain residues, while the
single phenyl ring of SC45647 interacts with only light-chain residues (also visible in Figure 3)
and is probably less tightly bound as evidenced by dlightly higher B factors. Differencesin
conformational freedomand composition of the hydrophobic moieties are thus very likely
dominating factors in fine-tuning sweetener potency.

However, the extrapolation of details observed in binding of hydrophobic sweetener
moieties in Fab complexes to their actual relevance in receptor binding needs to be treated with
caution. The biphenyl group of NC174 in fact adopts different conformations in the Fab complex
with NC6.8 (Guddat et al., 1994) and each of the two copies of NC10.14 (Guddat et al., 2000),
which is likely the result of areduced ability of NC10.14 to lock the biphenyl group in place
(Guddat et al., 2000).



Figure5. Ligands bound to NC6.8 antibody fragment. Superposition of ligands, oriented
pointing down into the antigen binding pocket asin Figures 2 and 4. Grey C atoms. NC174,
yellow C atoms. SC45647, green C and S atoms TES; the conserved water atoms participating in
the hydrogen bonding to Ser 89L are colored correspondingly. Distinctly visible the similar
positioning of the active groups in the sweeteners, with exception of the missing second phenyl
group in SC45647, which lacks the additional contacts to heavy chain CDR residues.
Superposition based on V domain residues VL 1:107 and VH1:113 using LGA (Zemla, 2003),
figure created with MS| LabViewer Lite and rendered with PovRay 3.5.

Conformational changes induced in the receptor molecule.

Upon binding of NC174, the NC6.8 Fab undergoes an unusually large allosteric
conformational change, evidenced by a change in the Fab elbow angle by ~30 deg, which has led
to reconsideration (Guddat et al., 1994) of the idea of elbow bending as a mechanism for signal
transduction from the variable to the constant antibody domains. Although the evidence for such
a mechanism in complete antibodies is sparse (Wilson and Stanfield, 1994), ligand induced
conformational changes in the actual taste receptors are likely important, and the NC6.8-NC174
system has been extensively used in molecular dynamics modeling (Sotriffer et al., 2000).



Interestingly, no significant changes in elbow angle compared to free NC6.8 were
calculated for either the high potency sweetener SC45647 nor the nornsweetener TES complex
(Table 2), as also evidenced by a small overall backbone r.m.s.d. and visualized in figure 6. For
NC6.8, the large change in elbow angle upon super-sweetener binding seems to be quite unique.
Given that neither high potency sweetener SC45647 nor the non-sweetener TES induce adomain
orientation change indicatesthat no simple correlation between sweetener potency and a possible
alosteric effect in tastant binding exists, at least for NC6.8.

Figure 6. EIbow angles of complexed and free NC6.8. Shown are variable domain
superpositions of the light chains of free NC6.8 (grey), NC174 (red), SC45647 (blue) and TES
(green) complexes. The large change in elbow angle upon formation of the NC174 complex (red)
is evident, and no significant changes in elbow angle upon complex formation with SC45647 and
TES take place. Superposition on residues 1:107 using LGA (Zemla, 2003), figure rendered with
ICM Pro (Abagyan et al., 1994).



Upon binding of the sweeteners, local conformation changes in the antigen binding pocket
occur, as antigenic epitope residues shift to accommodate the ligands. In particular, Tyr 96H
significantly moves from the free conformation and covers the binding pocket, while Trp 33H
opens the pocket from the free position to accomodate the p-stacking with the guanido groups
(Figure 7). Similar patterns of movement are also observed for residues His 27L, Arg 58H and
Asn 56H. The remaining antigenic epitope residues participating in sweetener binding undergo

only smaller displacements from their native conformation.

Figure 7. Conformation changes of key residues of NC6.8 upon NC174 and SC45647
binding. View down into the antigen binding pocket. Free NC6.8 C atoms displayed in cyan,
complexed conformation and ligand C atoms in gey for NC174 and yellow for SC45647.
Digtinctly visible the large conformational change Tyr H56 covering the ligand binding pocket,
and the reorientation of Trp H33 that p-stacks with the guanido group of SC45647 while Tyr
96H p-stacks with the phenyl moeity of SC45647. The water atoms bridging the CN groupsto
Ser 89L are buried deep at the bottom of in the antigen binding pocket and are not shown in this
figure. Superposition on residues 1:107 using LGA (Zemla, 2003), figure rendered with ICM Pro
(Abagyan et al., 1994).



4.2 Comparison between other sweetener and non-sweetener (TES) complexes

In the TES bound structure key residues Trp 33H, His 27L, Arg 56H as well as Glu 50H
and Thr 92L interact with TES only indirectly via water molecules, whereasin NC174 and
SC45647 complexes these residues interact either directly or via p-stacking and hydrophobic
interactions with the respective sweetener compounds. In addition, no hydrophobic moiety is
present in TES. Superposition of the NC6.8-TES complex with the other sweetener complexes
revedls that the electronegative sulfonic acid group is located in asimilar position as the
electronegative cyanophenyl group (Figure 6), located deeply in the antigenic sweetener binding
pocket. The water molecule mediating the interaction of the sweetener cyanopheny! groups to Ser
89L isconserved and links the sulfonyl group via O1 to the bottom of the antigen binding
pocket.

Interestingly, this location of the sulfonyl group has in fact been predicted for a variety of
sulfonyl-based high- to medium-potency sweeteners. Certain high potency sweeteners such as
cyclamate (cyclohexylsulfamate) and its analogues (dihydrochal cone derivatives), contain
sulfonic acid groups (DuBois et a., 1981). Sodium lauryl sulfate, a surfactant, has beenreported
to be a taste modifier which may act by disrupting the membrane of the taste buds (M.G., 1991,
DuBois et al., 1981). Recent computational studies (Prakash et a., 2001) indicate that neotame
and its modifiers such as cinnamic acid, various substituted benzoic acids, tyrosine and serine,
adopt conformations similar to each other and act competitively at the taste receptors.
Superposition of bound TES with the proposed active conformation of neotame in the receptor
pocket reveals that both compounds assume similar overcall conformations (Figure 7), but the
charged sulfonyl group of TES superimposes with hydrophobic t-butyl moiety of neotame.
Although the amide groups superimpose closely, the details of the proposed neotame binding
must differ from the ones observed in the sweetener complex, notably the absence of any charged
interactions at the bottom of the antigen binding pocket.

Absent in TES is any hydrophobic moiety, which according to the model of (Kier, 1972)
IS necessary for sweet-tasting molecules. In order to test whether TES tastes sweet, a blind
tasting of distilled water, 100 nM, 1 mM, 10 mM and 100 mM TES buffer (pH 6.0) was



conducted. At no concentration could any sweet taste be established, only a soapy and dlightly
sour taste perception at 10 and 100 mM, consistent with the proposed requirement of a
hydrophobic moiety for sweet taste perception

Neotame

Figure 8. Superposition of TES bound to NC6.8 with the proposed active conformation of
neotame. Same orientation asin Figures 2,4 and 6, ligands pointing into binding pocket at
bottom. Overall, the geometry and position of the charged exhibits some similarity, but the
position of the hydrophobic neotame t-butyl group coincides with the negatively charged TES
sulfonyl group position determined experimentally in the NC6.8-TES structure.

Although TES effectively competes for Fab binding even in the presence of 100-fold
excessof low potency sweetener compounds, is not able to compete with super and high potency
sweeteners for NC6.8 binding. TES thus hassignificantly more affinity towards NC6.8 than low
sweetener compounds, and can act as a sweet taste antagonist or a competitive inhibitor.
Compared to the high affinity sweeteners, the conformational changes induced in NC6.8 upon
TES binding are less pronounced than those induced by NC174 and SC45647 sweeteners, and as
shown in figure 4b, most ligand - complex interactions are indirectly mediated through a complex

(and likely more flexible) water network



Conclusions

The availibility of antibody-sweetener complexes ranging from super-potency tastants to
high-potency (Guddat et al., 1994, Guddat et al., 2000) and non-sweetening compounds (this
study) amplifies the complex nature of receptor interactions involved in sweet taste
perception..While many details remain to be examined in further structural studies, a consistent
picture begins to emerge in identifying key residues and interactions as well as the role of
hydrophobic moieties in the molecular recognition of substituted tri-guanidine tastants.

Reflecting the chemical complexity of the tastants, the receptor- ligand interactions
include a complex array of tight hydrogen bondsand charged interactions (Asn 58H, Arg 56H,
Glu50H, Ser97H, Tyr 96H) and a significant number of hydrophobic contacts, with a substantial
contribution of p-stacking (Trp33H, Tyr32L). It is very likely that the difference in super versus
high potency guanidine sweeteners and related zwitterionic lowpotency tastants is significantly
determined by the nature and conformation of the hydrophobic moiety. The complex structure
with nonttastant TES, which effectively competes against low-potency sweeteners, shows that
although many of the key residues are involved in ligand binding, the interactions are largely
indirectly mediate via water atoms. In addition, the zwitterionic antagonist TES does not possess
ant hydrophobic group, emphasizing the necessity of a hydrophobic moiety in taste perception of
tri-substituted, zwitterionic guanidine sweeteners. Interestingly, a conserved water molecule
(bound to Ser 89L and Tyr 36L) buried deeply in the antigen binding pocket of NC6.8 isinvolved
in the binding of al investigated molecules (super- potency NC174, high-potency SC45647 as
well as the nontastant TES), which seemsto indicate amgjor role of the conserved water in
ligand binding to NC6.8. The reported absence of the conserved water molecule in the NC10.14
complex with NC174 (Guddat et a., 2000) however means that its true role in taste perception
remains open

The absence of aany major conformational change of the Fab domain arrangement as
monitored by the elbow angle for both high potency sweetener and nontastant TES also rules out
the necessity of amajor alosteric rearrangement as a general prerequisite for ligand binding in
NC6.8. It is still possible that a discrimination between super- and high-potency sweeteners may
depend on the ability of the tastant to induce alarge scale conformation change in the taste
receptor. In absence of a taste receptor-sweetener structure, a free NC10.14 Fab structure might



establish whether a significant conformationa change is a systematic feature in the
discrimination of super versus high potency sweeteners, or a feature only found in the specific
interaction of NC174 with the NC6.8 Fab (Guddat et al., 1994).

The structures confirm that sweetener potency is fine-tuned by multiple interactions
between specific amino acid residues and the functional groups of the sweeteners. The
identification of key interactions in structural studies is encouraging for attempts to design novel,
high potency synthetic sweetener compounds. Since the antigen binding pocket of NC6.8 can
adopt to multiple ligands - including high affinity antagonists - it is important that structure
guided sweetener design based on available complexes carefully considers the exceptional

structural adaptability of receptor- mimicking antibody models.
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Table 1. Data collection and refinement statistics for NC6.8-SC45 and NC6.8- TES complexes

Data Collection NC6.8-SC45 NC6.8-TES
PDB ID code 1YNK 1YNL
Space Group Cc2 Cc2
Wavelength (A) 1.0000 1.0000
Temperature (Kelvin) 120 120

a(A) 135.6 136.2

b(A) 48.19 48.14

c(R) 75.35 76.09

b (deg) 109.04 109.50
Resolution (A) 2364-21 2325 1.7
Highest resolution bin (A) 22-21 1.75-1.7
Observed reflections @ 813664 (58014) 276375 (19682)
Unique reflections? 24844 (2309) 43252 (2444)
% Completeness? 92.7 (71.1) 85.0 (69.0)
R(merge)? 0.07 (0.32) 0.03 (0.08)
<l/sp>? 89.6 (2.8) 56.9 (10.9)
Vm (Matthews Coefficient) 243 2.46

% Solvent 49.4 49.9
Refinement

Free R value , random, 5% * 0.277 (0.367) 0.241 (0.350)
R value 0.216 (0.272) 0.208 (0.232)
protein residues 438 438

water molecules 126 247
SC45647 1 0

TES 0 1

Rmsd bond length /(_\A)b) 0.027 0.015

Rmsd bond angle (A)"” 2.459 1.828
Overall coordinate error (A)® 0.23 0.13

RSCC (Shake& WARP) ¢ 0.93 0.9

RSCC (Refmac5) ® 0.9 0.95
Ramachandran appearance”

Most favored (number, %) 329 (88.4) 337(90.6)
Allowed (number, %) 37(9.9) 29(7.8)
Generoudly allowed (number, %) 3(0.8) 4(11)
Disallowed (number, %) 3(0.8) 2(05)

#Vduesin parenthesis for the highest resolution bin

® Deviations from restraint targets (Engh and Huber, 1991)

°Estimated Standard Uncertainty, Diffraction Precision Index (DPI) based on R free (Cruickshank, 1999)

¢ Redl Space Correlation Coefficient, F. map against averaged and weighted Shake& WARP map (Reddy et al.,
2003)



® Real Space Correlation Coefficient, E map against k. map, as reported by Refmac5 (Murshudov et dl.,
1997)
"Regions as defined in PROCHECK (Laskowski et &., 1993)

Table 2: Elbow angles of antibody sweetener complexes.

Crystal Structure PDB Elbow
code | Angle?
NC6.8 (native) 1CGS | 189
NC6.8-NC174 2CGR | 152
NC6.8-SC45647 1YNK | 188
NC6.8-TES 1YNL | 190
NC10.14(LH)-NC174 | 1IETZ | 193
NC10.14(AB)-NC174 | 1IETZ | 192

4 All Fab elbow angles calculated consistently following the method of Wilson and Stanfield
(Wilson and Stanfield, 1994) using LGA superpositions (Zemla, 2003). Absolute error estimate
+/- 1.0 degrees. Angles published for 1ETZ (Guddat et a., 2000) are the complement angles.



References

Abagyan, R., Totrov, M. and Kuznetsov, D. (1994) ICM: a new method for protein modeling and
design. Applications to docking and structure prediction from the distorted native
conformation. J Comp Chem, 15, 488-506.

Anchin, J. M., Nagargjan, S, Carter, J.,, Kellog, M. S, DuBois, G. E. and Linthicum, D. S.
(1997) Recognition of Superpotent Sweetener Ligands by a Library of Monoclonal
Antibodies. J Mol Recognition, 10, 235-242.

Brunger, A. T., Adams, P. D., Clore, G. M., DeL.ano, W. L., Gros, P., Grosse-Kunstleve, R. W.,
Jiang, J. S., Kuszewski, J., Nilges, M., Pannu, N. S., Read, R. J.,, Rice, L. M., Simonson,
T. and Warren, G. L. (1998) Crystalography & NMR system: A new software suite for
macromolecular structure determination. Acta Crystallogr D Biol Crystallogr, 54 ( Pt 5),
905-21.

Caldwell, J. E., Abildgaard, F., Dzakula, Z., Ming, D., Hellekant, G. and Markley, J. L. (1998)
Solution structure of the thermostable sweet-tasting protein brazzein. Nat Sruct Biol, 5,
427-31.

Chandrashekar, J., Mudller, K. L., Hoon, M. A., Adler, E, Feng, L., Guo, W., Zuker, C. S. and
Ryba, N. J. (2000) T2Rs function as bitter taste receptors. Cell, 100, 703-11.

Cruickshank, D. W. J. (1999) Remarks about protein structure precision. Acta Crystallogr, D55,
583-601.

DuBais, G. E., Crosby, G. A. and Stephenson, R. A. (1981) Dihydrochalcone sweeteners. A
study of the atypical temporal phenomena. J Med Chem, 24, 408-28.

Engh, R. A. and Huber, R. (1991) Accurate bond and angle parameters for X-ray structure
refinement. Acta Crystallogr, A47, 392-400.

Gilbertson, T. A., Damak, S. and Margolskee, R. F. (2000) The molecular physiology of taste
transduction. Curr Opin Neurobiol, 10, 519-27.

Guddat, L. W., Shan, L., Anchin, J. M., Linthicum, D. S. and Edmundson, A. B. (1994) Loca
and transmitted conformational changes on complexation of an anti-sweetener Fab. J Mol
Biol, 236, 247-74.

Guddat, L. W., Shan, L., Broomell, C., Ramsland, P. A., Fan Z.-c., Anchin, J. M., Linthicum, D.
S. and Edmundson, A. B. (2000) The three-dimensional structure of acomplex of a
murine Fab (NC10.14) with a potent sweetener (NC174): an illustration of structural
diversity in antigen recognition by immunoglobulins. Journal of Molecular Biology, 302,
853-872.

Inoue, M., McCaughey, S. A., Bachmanov, A. A. and Beauchamp, G. K. (2001) Whole Nerve
Chorda Tympani Responses to Sweetenersin C57BL/6ByJ and 129P3/J Mice. Chem.
Senses, 26, 915-923.

Kabat, E. A., Wu, T.T., Perry, H.M., Gottesman, K.S., and Foeller, C. (1992) Sequences of
Proteins of Immunological Interest, Washington D>C>.

Kantardjieff, K. A. and Rupp, B. (2003) Matthews coefficient probabilities: Improved estimates
for unit cell contents of proteins, DNA, and protein-nucleic acid complex crystals. Prot
Science, 12, 1865-1871.

Kier, L. B. (1972) A molecular theory of sweet taste. J Pharm Sci, 61, 1394-7.

Kinnamon, S. C. and Cummings, T. A. (1992) Chemosensory transduction mechanisms in taste.
Annu Rev Physiol, 54, 715-31.



Laskowski, R. A., MacArthur, M. W., Moss, D. S. and Thornton, J. M. (1993) PROCHECK: a
program to check the stereochemical quality of protein structures. J Appl Cryst, 26, 283-
291.

Lindemann, B. (1996) Taste reception. Physiol Rev, 76, 718-66.

Liu, H., Smith, T. J,, Lee, W. M., Mosser, A. G., Rueckert, R. R., Olson, N. H., Cheng, R. H. and
Baker, T. S. (1994) Structure determination of an Fab fragment that neutralizes human
rhinovirus 14 and analysis of the Fab-virus complex. J Mol Biol, 240, 127-37.

M.G., L. (1991) Phenoxyalkanoic acid sweeteners inhibitors, Washington, DC.

Margolskee, R. F. (2002) Molecular mechanisms of bitter and sweet taste transduction. J Biol
Chem, 277, 1-4.

Matthews, B. W. (1968) Solvent content of protein crystals. J Mol Bol, 33, 491-7.

McPherson, A. (1982) Preparation and analysis of protein crystals, Krieger Publishing
Company, Maabar, FL.

McReg, D. E. (1999) XtalView/Xfit--A versatile program for manipulating atomic coordinates
and electron density. J Sruct Biol, 125, 156-65.

Merritt, E. A. and Bacon, D. J. (1997) Raster3D: Photorealistic molecular graphics. Meth
Enzymol, 277, 505-524.

Murshudov, G. N., Vagin, A. A. and Dodson, E. D. (1997) Refinement of Macromolecular
Structures by the Maximum-Likelihood Method. Acta Crystallogr, D53, 240-255.

Murshudov, G. N., Vagin, A. A., Lebedev, A., Wilson, K. S. and Dodson, E. J. (1999) Efficient
anisotropic refinement of macromolecular structures using FFT. Acta Crystallogr D Biol
Crystallogr, 55 ( Pt 1), 247-55.

Nofre, C., Tinti, J. M. and Glaser, D. (1996) Evolution of the sweetness receptor in primates. 11.
Gustatory responses of non-human primates to nine compounds known to be sweet in
man. Chem Senses, 21, 747-62.

Nofre, C., Tinti, J. M. and Ouar-Chatzopoulos, E., Sweetening agents. 1990, Université Claude
Bernard, Lyon 1, France: USA, Patent No. 4,921,939.

Otwinowski, Z. and Minor, W. (1997) Processing of X-ray diffraction data collected in
oscillation mode. In Macromolecular Crystallography, Pt A, Vol. 276, pp. 307-326.

Parham, P., Androlewicz, M. J., Brodsky, F. M., Holmes, N. J. and Ways, J. P. (1982)
Monoclonal antibodies: purification, fragmentation and application to structural and
functional studies of class| MHC antigens. J Immunol Methods, 53, 133-73.

Prakash, |., Bishay, I. E., Desai, N. and Walters, D. E. (2001) Modifying the temporal profile of
the high-potency sweetener neotame. J Agric Food Chem, 49, 786-9.

Reddy, V., Swanson, S., Sacchettini, J. C., Kantardjieff, K. A., Segelke, B. and Rupp, B. (2003)
Effective electron density map improvement and structure validation on a Linux multi-
CPU web cluster: The TB Structural Genomics Consortium Bias Removal Web Service.
Acta Crystallogr, D59, 2200-2210.

Sainz, E., Korley, J. N., Battey, J. F. and Sullivan, S. L. (2001) Identification of a novel member
of the T1R family of putative taste receptors. J Neurochem, 77, 896-903.

Shallenberger, R. S. and Acree, T. E. (1967) Molecular theory of sweet taste. Nature, 216, 480-2.

Satriffer, C. A., Rode, B. M., Varga, J. M. and Liedl, K. R. (2000) Elbow Flexibility and Ligand-
Induced Domain Rearrangements in Antibody Fab NC6.8: Large Effects of a Small
Hapten. Biophys. J., 79, 614-628.



Spadaccini, R., Crescenzi, O., Tancredi, T., De Casamassimi, N., Saviano, G., Scognamiglio, R.,
Di Donato, A. and Temussi, P. A. (2001) Solution structure of a sweet protein: NMR
study of MNEI, a single chain monellin. J Mol Biol, 305, 505-14.

Spadaccini, R., Trabucco, F., Saviano, G., Picone, D., Crescenzi, O., Tancredi, T. and Temussi,
P. A. (2003) The mechanism of interaction of sweet proteins with the TIR2-T1R3
receptor: evidence from the solution structure of G16A-MNEI. J Mol Biol, 328, 683-92.

Wallace, A. C., Laskowski, R. A. and Thornton, J. M. (1995) LIGPLOT: a program to generate
schematic diagrams of protein-ligand interactions. Protein Eng, 8, 127-34.

Walters, D. E., Orthoefer, F.T., & Dubois, G.E. (1991) Development and Utilization of a Three-
dimensional model for the sweet taste receptor.

Wilson, I. A. and Stanfield, R. L. (1994) Antibody-antigen interactions. new structures and new
conformational changes. Current Opinion in Structural Biology, 4, 857-867.

Zemla, A. (2003) LGA: amethod for finding 3D similarities in protein structures. Nucl. Acids.
Res., 31, 3370-3374.



